Background Biofilms cause chronic infections including those associated with orthopaedic hardware. The only methods that are Food and Drug Administration-approved for detecting and identifying bacterial infections are cultures and selected DNA-based polymerase chain reaction methods that detect only specific pathogens (eg, methicillinresistant Staphylococcus aureus). New DNA-based technologies enable the detection and identification of all bacteria present in a sample and to determine the antibiotic sensitivities of the organisms. Case Description A 34-year-old man sustained an open tibia fracture. He experienced 3 years of delayed healing and episodic pain. In addition to his initial treatment, he underwent three additional surgeries to achieve fracture healing. During the last two procedures, cultures were taken and samples were tested with the IBIS T5000 and fluorescence in situ hybridization (FISH). In both cases, the cultures were negative, but the IBIS and FISH confirmed
Introduction
Orthopaedic surgeons rely on culture data for detecting and identifying bacteria that may cause disastrous complications in their exacting work. Culture methods were developed [23] for identifying bacteria in acute infections caused by planktonic (floating) bacteria, and they have provided the technical platform for the virtual conquest of epidemic bacterial diseases by vaccines and antibiotics [9] . However, acute epidemic diseases have now been replaced by chronic diseases caused by bacteria growing in biofilms to the extent that all device-related infections [5] and greater than 65% of all bacterial infections treated by physicians in the developed world [10] are caused by bacteria growing in these slime-enclosed communities. These 150-year-old methods have persisted in medicine, because they constitute the only Food and Drug Administration-approved technology and because they provide a platform both for identification and for the determination of antibiotic sensitivity. Microbiologists abandoned culture methods in the 1970s because of the observation that less than 1% of bacterial species in natural ecosystems can be recovered by routine culture methods [7, 31] , and DNA-based technologies have been universally adopted because many more species can be detected [34] . Cultures have persisted in the medical arena because, while cultures are slow (2 to 5 days), the sequence-based methods are even more time-consuming and labor-intensive as well as being very expensive.
The planktonic bacteria that grew so readily in culture media have now been largely replaced by biofilm bacteria that grow poorly in culture [8] , and clinicians in areas as diverse as ear, nose and throat and urology are faced with overt infections that yield negative cultures [9, 30, 34, 35, 38] . It has been suggested that the biofilm concept can guide the treatment of orthopaedic infections, although an integral component of this concept is that biofilm bacteria are difficult to detect using traditional culture methods [8] . A comprehensive study by Neut et al. [26] revealed that cultures detected the presence of bacteria in only 41% of patients ''suspected of having orthopaedic infections.'' Efforts are being made to identify biofilm weaknesses and to develop potential therapeutic targets. Research is being conducted to find effective treatments against established biofilms on implanted devices as well as preventing biofilm formation on these devices [14] . Ideas have ranged from identifying biofilm dispersing proteins within maggot excretions [5] , finding effective combinations of antibiotic therapy [15, 36] , enzymatic degradation of the biofilm matrix [2, 24] , electric block currents to disrupt biofilms [37] , bacteriophages to attack the biofilm [13] , to developing biofilm resistant coatings for implants [1, 3, 39] .
The purpose of this case presentation is to demonstrate the presence of a bacterial biofilm in the setting of a tibial nonunion and to demonstrate the ability of a new rapid DNA/RNA-based technique in detecting these infections on a species-specific level.
Case Report
This patient is a 34-year-old man who was struck in the leg by falling rocks at work in a coal mine and sustained a Gustilo and Anderson Type IIIA open diaphyseal tibia fracture [17, 18] (Fig. 1 ) as well as a right flank hematoma. Local irrigation and splinting was performed in the emergency department and intravenous clindamycin and gentamicin were started and continued for a total of 4 days. He was brought to the operating room urgently for irrigation, débridement, and external fixation. Definitive fixation with a locked intramedullary nail was performed 2 days later. He recovered well and was discharged on posttrauma day seven. At his two-week follow-up visit, continued serous drainage was noted from the initial open wound and he was admitted to the hospital and placed on IV vancomycin. Over a three-day course, the drainage had ceased and the patient was discharged to home. At 6 months posttrauma, radiographs revealed minimal evidence of fracture healing (Fig. 2 ). For this reason, he underwent dynamization of the nail with removal of the proximal cross-locks. Afterward, he showed improvement in his clinical picture and returned to work.
At twenty-two months postinjury, the patient returned with increasing pain at the fracture site over the prior month. Imaging revealed limited fracture healing ( Fig. 3 ). Blood work revealed a CRP of 0.6 mg/dL (0-0.8 mg/dL), ESR 6 mm/hr (0-15 mm/hr) and WBC 8.9 k/mcL (4.4-11.3 k/mcL) with 65% neutrophils (37-77%). He underwent an exchange nailing to stimulate fracture healing. A standard course of twenty-four-hour perioperative antibiotics was administered. Two sets of routine cultures from the tibial canal were spread on sheep's blood, MacConkey, chocolate, and anaerobic culture medium and incubated at 37 degrees Celsius according to our standard hospital microbiology lab protocol. Samples were negative for growth at 5 days. Tissue membrane samples from in the canal analyzed by the IBIS T5000 (Ibis Biosciences, Carlsbad, CA) showed the presence of Actinobacillus capsulatus, Streptococcus pneumonia, as well as the MecA gene for methicillin resistance [11] . FISH [27] was performed on the tissue samples using the species-specific probe for S. pneumonia ( Fig. 4) [21] . This direct demonstration of the presence of bacterial cells provides unequivocal evidence of the presence of potentially infecting organisms. However, this does not prove that the patient's pain and lack of fracture healing are due to the presence of these bacteria. He again progressed well postoperatively and returned to work by 16 weeks after surgery. Our current IRB approval did not permit us to base our treatment on the outcome of the IBIS T5000 findings and so these results and the FISH results were not available to the clinicians for decision-making purposes.
The patient returned to the office with complaints of increasing pain at the prior fracture site 5 weeks after suffering from pneumonia requiring supportive care and treatment with oral azithromycin. This was 34 months postinjury and the fracture had healed (Fig. 5 ), but because of his pain and temporal relationship to this recent infection, the hardware was removed. Preoperatively, ESR 9 mm/hr and CRP 0.6 mg/ dL were within normal limits. Again two sets of routine deep cultures were obtained and tissue membrane samples were again sent for IBIS and FISH analysis. In addition, tissue membrane from in the canal was sent to pathology. The pathology report read ''benign fibrous tissue with no evidence of inflammation and less than 1 neutrophil per high-powered field.'' Postoperatively, the patient was kept on IV vanomycin and cefepime for five days and continued on oral moxifloxacin after discharge for a total antibiotic course of ten days. He was discharged to home on postoperative day five. Cultures were negative at 5 days, but the IBIS T 5000 detected the presence of methicillin-resistant Staphylococcus epidermidis. FISH analysis using the Staphylococcus species probe [21] showed the presence of well-developed biofilms (Fig. 6 ). Again, IBIS and FISH results were not available to physicians for clinical decision making.
The patient progressed well postoperatively. He was able to perform a single-leg hop on his affected limb four weeks after surgery and returned to work. At last follow-up, he was 20 weeks from his most recent surgery and asymptomatic.
Discussion
Gustilo Type III open tibia fractures have reported rates of nonunion as high as 60% [16] and infection of 10-50% Volume 469, Number 11, November 2011 Biofilm Infection in a Tibial Nonunion 3039 [17, 29] . Early conversion from external fixation to intramedullary nailing of open tibia fractures has been shown to be safe, with a low infection rate [4] .
Clinical research on biofilms and orthopaedic hardware has been focused on total joint arthroplasty . Several authors have suggested that some failures of total joint arthroplasty that are attributed to ''aseptic loosening'' are actually the result of biofilm infection on the implants [6, 20, 25] . Direct examinations of ''aseptic loosening'' of the Sulzer acetabular cup, using both confocal light microscopy and scanning electron microscopy, showed large numbers of bacteria on the surfaces of this defective hardware [19] . A case report by Stoodley et al. [33] identified a biofilm on a total elbow arthroplasty that was culture-negative with persistent symptoms of infections for several years despite multiple medical and surgical interventions. FISH, confocal microscopy, and reverse transcriptase-polymerase chain reaction identified a metabolically active biofilm of Staphylococcus aureus in the fluid, tissue, and cement surrounding the implant after the final revision surgery. In this case, as in ours, it is germane to remember that bacteria in biofilms are resistant to antibiotic therapy [10] and that the resolution of these infections usually requires the physical removal of the biofilms by careful irrigation and débridement [22] .
The IBIS and FISH results in our patient confirmed the presence of a different biofilm present at each surgery. It is possible that the first biofilm was physically removed by the reaming during exchange nailing. Contamination at the time of that surgery leading to the S. epidermidis infection identified during the second surgery is also possible. Although not the primary focus of this report, it does lead one to ask whether these infections are clinically relevant.
The question of whether nonunions can truly be thought of as ''aseptic'' is currently unknown. Similar to culturenegative loosening or wound drainage in total joint surgery, it is highly plausible that the symptoms associated with ''aseptic'' nonunion, like pain, are actually symptoms of an infection that is undetectable by current culture methods. While the connection with clinical symptoms cannot be made definitively in this case, the DNA-based IBIS technology indicated the presence of bacteria and FISH showed the presence of cells of pathogenic species, when cultures were consistently negative. Multiple questions remain unanswered and in need of further study with regard to biofilm infections and their relationship to long bone nonunion.
In summary, we present a case of tibial nonunion associated with the presence of bacterial biofilms in the tissues and in association with fixation hardware. While cultures may lack sensitivity, preliminary experience with molecular techniques has raised the specter of ''over sensitivity'' [19, 28] and we must approach their use as a replacement of cultures with appropriate caution. Molecular techniques are evolving and promising for identifying organisms and/or diagnosing infection in the face of negative cultures.
